Each electrical resistivity of the ternary solder alloy of tincoppersulfur was compared to that of the binary solder alloy of tincopper. A mixture of various tin, copper, and sulfur powder compositions was prepared by adding different amounts of sulfur into a eutectic composition of tin and copper. After each specimen axially compressed with 10 MPa was sintered at 250°C, tin sulfide was induced in the solder alloy because sulfur reacted with tin. Simultaneously, the oxide layers of the solder alloy were removed through a complicated combustion reaction between tin sulfide and tin oxide. As a result, the electrical resistivity of the ternary solder alloy (Sn-0.70Cu-0.32S) having 0.32 mass% of sulfur was reduced to at most 10.56 µ³·cm, compared to 12.47 µ³·cm of the binary solder alloy (Sn-0.70Cu) without sulfur.
Introduction
More advanced tin-based, lead-free solder alloy with strong oxidation resistance has been required to meet the demands of rapid signal transmission and high current capability. 14) A eutectic solder alloy of tincopper (Sn-0.70Cu) has been considered as one of the most promising lead-free solder alloys due to its low cost and reasonable melting point; however, there are several problems in the binary solder alloy, such as insufficient oxidation resistance and unsatisfactory electrical conductivity, which prevent widespread applications in the microelectronic packaging industry.
58) Many researches have been conducted to improve the oxidation resistance of the binary solder alloy, and the addition of appropriate fluxes or anti-oxidative agents has been still remained as the most effective method to design better solder alloy with less oxidation-sensitive surfaces. 911) In other words, these anti-oxidative agents are able to form an oxidation resistant phase with the binary solder alloy of tincopper.
911)
We add a trace amount of sulfur into the binary solder alloy of tincopper as an anti-oxidative agent to reduce the oxidation. Sulfur that used as a soft Lewis base or ligand converts the surfaces of the solder alloy into their respective tin sulfide because it interacts through acid-base, oxidation reduction, and coordination-adsorption reactions. 12, 14) Consequently, tin sulfide is served as a flux that reacts with their oxide layers and then provides long term oxidation resistance. 12, 15) In general, sulfur can be used as both an oxidizing and a reducing agent. 12) More specifically, it can oxidize several metals and many non-metals, such as carbon, which lead to its negative charge in most organic sulfides. 12) On the other hand, it can reduce strong oxidants, such as oxygen and fluorine.
12)
The minor addition of sulfur has effects in the electrical conductivity because tin sulfide induced on the surfaces of the solder alloy slowly corrodes into the oxide surfaces, which improves the oxygen sensitivity either at the interface of slightly reduced, original surfaces or at the oxide layers of the solder alloy. After all, the stable phase of tin sulfide can be generated more slowly than the bimetallic phase of tincopper. This improves its anti-oxidative behavior, and thereafter the electrical resistivity of the ternary alloy of tin coppersulfur is reduced based on the amount of sulfur, compared to that of the binary alloy of tincopper.
Experimental Procedure
All chemicals were used without further purification: tin (²99%, Sigma Aldrich, U.S.A.), copper (²99.5%, Sigma Aldrich, U.S.A.), and sulfur (²99.98%, Sigma Aldrich, U.S.A.). Various compositions of the binary solder alloy of tincopper and the ternary solder alloy of tincoppersulfur were fabricated through power metallurgy (P/M). Briefly, a specific composition of tin and copper powder was mixed in each glass bottle and then transferred into each vial. Different amounts of sulfur were added into each vial. After all, individual composition of sulfur was added into the same composition of solder alloy (Table 1) . Each mixture was transferred into a stainless steel jar with stainless steel balls and milled for 1 h using spex mill system (Spex Sample Prep Mixer/Mill8000D, Elvatech, Ukraine). Thereafter, those mixtures were compacted at constant pressure of 10 MPa into identical disc-shaped pellets each having a radius of 7.5 mm and a height of 5 mm. After purged into argon gas in a tube furnace for 30 min, all solder specimens were sintered at 250°C for 1 h. Those specimens were polished using a diamond paste and then cleansed by sonication for 30 min when fully submerged inside anhydrous ethanol.
Each microstructure of the solder alloy was observed by using an optical microscope (Epiphot 300 Light Microscope, Nikon Corporation, Japan). Each electrical resistivity of the solder alloy was measured using a four point probe (FPP-RS8, Dasol Engineering, Korea). Each weight percentage of oxygen and sulfur amount contained in the solder alloy was determined with an oxygen/nitrogen analyzer (ON-900, ELTRA GmbH, Germany) and carbon/sulfur analyzer (CS-800, ELTRA GmbH, Germany), respectively. Electron microscope images with EDS data and mapping analysis were acquired by using a scanning electron microscope (JSM-5800, JEOL, Japan). The crystal structure of the solder alloy was analyzed by an X-ray diffractometer (D/Max-2500VL/PC, Rigaku International Corporation, Japan).
Results and Discussion
Tin sulfide fabricated from the sintering process were generated on each surface of the solder alloy, and since the sulfur-containing solder alloy was exposed to atmosphere for measurement and characterization, they were inevitably oxidized as indicated in Table 1 and Fig. 1 . More specifically, the eutectic solder alloy A (Sn-0.70Cu) without any sulfur had a relatively high amount of oxygen. The little amount of sulfur-containing solder alloy B (Sn-0.70Cu-0.17S) had less oxygen, and then the solder alloy C (Sn-0.70Cu-0.34S) was less oxidized with 0.34 mass% of sulfur, respectively. The amount of oxygen in the solder alloy D (Sn-0.70Cu-0.39S) was continuously decreased, and also the amount of sulfur was persistently increased simultaneously until that of the solder alloy I (Sn-0.69Cu-1.12S). The reason why the ternary solder alloy of tincoppersulfur had less oxygen was related to the following combustion reaction:
Based on these results, we believed tin sulfide was precipitated on the tin matrix, and also their surfaces experienced less oxidation. Although there was no evidence about the presence of copper or copper sulfide in the XRD because 0.70 mass% of copper was not enough to exhibit any significant amount of copper-containing compounds or alloys, these additional substances could contribute to the reduction in the amount of oxygen.
EDS data in Fig. 2 also represented similar amounts of sulfur and oxygen on the surfaces of the solder alloy. The EDS spectrum had notable peaks in the line of Sn (3.45 KeV), Cu (0.92 and 8.07 KeV), O (0.56 KeV), and S (2.27 KeV), and the distinctive increase of S KR peak confirmed the formation of tin sulfide whereas the decrease of O KR peak was originated from the expansion of tin sulfide. These results correlated well with the expansion of tin sulfide that merged through the reduction of tin oxide formed on the surfaces of the solder alloy. After all, it was clear that the layer expansion of tin sulfide on the surfaces of the solder alloy prevented from the layer formation of tin oxide on the same surfaces of the solder alloy.
In Fig. 3 , the electrical resistivity on the surfaces of the solder alloy was measured using a four point probe, and the reason why the solder alloy containing less amounts of oxygen had more amounts of sulfur could be deduced from the electrical resistivity measurement. First, the electrical resistivity was slowly decreased until a certain extent between those of the solder alloy B (Sn-0.70Cu-0.17S) and the solder alloy C (Sn-0.70Cu-0.34S), which contained a specific amount of sulfur with 0.32 mass%. Then, the electrical resistivity was rapidly increased until that of the solder alloy I (Sn-0.69Cu-1.12S) containing the most amount of sulfur. After all, the electrical resistivity curve went into a V shape with an intersection of two linear lines when plotted on the amount of sulfur. The intersection between two negative and positive linear lines could be distinguished as the minimum electrical resistivity of 10.56 µ³·cm and the specific amount of sulfur with 0.32 mass%, which might be used to optimize the amount of sulfur added into the solder alloy and design the least sulfur-containing solder alloy with the maximum electrical conductivity. In fact, it was a wellknown phenomenon that the thin oxide layers of the solder alloy could be responsible for lowering the electrical conductivity. We discovered that the solder alloy containing sulfur could not be oxidized severely when exposed to atmosphere because the tin sulfide was covered on the surfaces of the solder alloy hindering further oxidation. Consequently, the electrical resistivity was slowly decreased until having 10.56 µ³·cm of the lowest possible electrical resistivity and then significantly increased in the case of heavily sulfur-coated solder alloys E through I (Sn-0.70Cu-0.52S through Sn-0.69Cu-1.12S) due to 2.0 © 10 15 ³·cm of the high intrinsic electrical resistivity of sulfur.
12) The addition of the excessive amount of sulfur fabricated too much sulfide compound, and then they acted as the impurity scattering center.
13) The occupation of the excess sulfide compound within the solder network led to the increase in the electrical resistivity. 13) We could assume that from the decrease of the electron mobility over the sulfur insulator, there were different crystal structures between the sulfurimpurity center and the solder network.
As shown in Figs. 4 and 5, microscopic images and EDS mapping analysis revealed the surface morphology and the element distribution of the sulfur-containing solder alloy, respectively. As shown in the optical microscope image of Figs. 4(a) through 4(d) , circular or rod-like pores were sparsely distributed along the grain boundary in close proximity to the solder surfaces. In other words, they were embedded along the grain boundary of the sulfur-containing solder, exhibited the distinctive surface appearances. In the case of adding more amount of sulfur, they became larger and more spread on the superficial regions. The scanning electron microscope images also depicted the surfaces of the solder alloy in Figs. 4(e) through 4(h), and such high resolution images brought very straightforward results. In particular, the image of Fig. 4 (e) displayed a typical microstructure of the rapidly-solidified eutectic solder of tincopper (Sn-0.70Cu). The eutectic cell possessed the broad vicinity along grain boundaries. With a small addition of sulfur and above, it was found that irregular, narrow regions and normal, broad eutectic structures were formed alternatively as shown in Figs. 4(f ) through 4(h). In Fig. 5 , EDS mapping analysis was conducted to identify the distribution of each solder element, and the presence of sulfide compound was indicated as white arrows. These results might reveal that there existed a critical amount of sulfide compound in the vicinity regions of grain boundaries where the oxide layers of tin was removed and then converted into the tin sulfide through the combustion reaction. Comparatively, EDS mapping data provided useful results. Before conducting any EDS mapping analysis, we assumed that tincopper sulfide was brought by the spontaneous reaction among tin, copper, and sulfur. However, EDS mapping analysis showed different results that tin sulfide did not contain copper. Based on these images, copper sulfide was not precipitated on tin sulfide, and their surfaces experienced more oxidation. As a result, more amount of sulfide phase provided the slight reduction of primary ¢-tin dendrites and the small shrinkage of inter-dendritic regions. These concerns could serve for the severe reduction in the oxidation, and substituting the oxide phase of the solder alloy into the sulfur phase could lower the air sensitivity. 12, 14) They showed that adding even a small amount of sulfur could suppress the layer formation of tin oxide and simultaneously lead to the layer expansion of tin sulfide. Figure 6 depicted the X-ray diffraction patterns of the sulfur-containing solder alloy, provided the information about their crystal structures. The binary solder alloy of tincopper (Sn-0.70Cu) was identified from five distinguishable peaks at 2ª = 30.64, 32.06, 43.70, 45.02, and 55.40°corresponding to {200}, {101}, {220}, {211}, and {301} planes of a bodycentered tetragonal system.
16) The presence of tin sulfide (SnS) having a simple orthorhombic system in the solder matrix was confirmed from the peaks at 2ª = 25.50, 30.64, 31.78, 32.20, 39.52, 45.30, and 64.60°.
1618) As a result, neither any peaks related with impurities nor those of tin oxide were appeared in the XRD analysis, indicating that pure elements or specific compounds avoided any possible contamination or significant oxidation. Also, these diffraction patterns verified the presence of tin sulfide (SnS). In particular, the minor peaks appeared at 25.50 and 39.52°w ere corresponded to {201} and {410} planes of tin sulfide (SnS), respectively. 18) 
Conclusion
The addition of sulfur into the solder alloy was a very effective way to inhibit the oxidation, and the improved oxidation resistance of the sulfur-containing solder alloy was well associated with the enhancement in the electrical conductivity. There was the steady-state reduction in the oxygen amount of 0.0389 mass% of the sulfur-containing solder alloy (Sn-0.69Cu-1.12S) compared to the oxygen amount of 0.0428 mass% of the binary solder alloy (Sn-0.70Cu), and such an anti-oxidative role of sulfur was explained through the combustion reaction among elements, intermetallic alloys, tin oxides, and tin sulfides. While the binary solder alloy had the electrical resistivity of 12.47 µ³·cm, the electrical resistivity of the ternary solder alloy was decreased drastically until 10.56 µ³·cm with adding 0.32 mass% of sulfur.
